The power spectrum of the cosmic microwave background from both the Planck and WMAP data exhibits a slight dip in for multipoles in the range of l = 10 − 30. We show that such a dip could be the result of resonant creation of a massive particle that couples to the inflaton field. For our best-fit models, epochs of resonant particle creation reenters the horizon at wave numbers of k * ∼ 0.00011 ± 0.0004 (h Mpc −1 ). The amplitude and location of these features correspond to the creation of a number of degenerate fermion species of mass ∼ 15 m pl during inflation with a coupling constant between the inflaton field and the created fermion species of near unity. Although the evidence is marginal, if this interpretation is correct, this could be one of the first observational hints of new physics at the Planck scale.
I. INTRODUCTION
Analysis of the power spectrum of fluctuations in the cosmic microwave background (CMB) (cf. [1, 2] ) provides powerful constraints on the physics of the very early universe. The most popular account for the origin of the primordial power spectrum is based upon quantum fluctuations generated during the inflationary epoch [3, 4] . Subsequently, acoustic oscillations of the photon-baryon fluid distort this to produce the observed features in the angular power spectrum of temperature fluctuations in the CMB and the spatial power spectrum of matter density fluctuations.
In this context, there now exists the highest resolution yet available in the determination of the power spectrum of the CMB from the Planck Satellite [1, 2] . In this paper we make note of a peculiar feature visible in the power spectrum near multipoles = 10 − 30. This is an interesting region in the CMB power spectrum because it corresponds to angular scales that are not yet in causal contact, so that the observed power spectrum is close to the true primordial power spectrum.
An illustration of the Planck observed power spectrum in this region is visible on Figure 1 . Although the error bars are large, there is a noticeable systematic deviation in the range = 10 − 30 below the best fit based upon the standard ΛCDM cosmology with a power-law primordial power spectrum. This same feature is visible in the CMB power spectrum from the Wilkinson Microwave Anisotropy Probe (WMAP) [5] , and hence, is likely a true feature in the CMB power spectrum. This can be interpreted as an artifact of the cosmic variance [1] , however, here we adopt the the premise that this could be a real feature in the primordial power spectrum produced by new physics occurring near the end of the inflation epoch while the universe was still near the Planck scale. In particular this feature is well represented by the resonant creation [6, 7] of Planck-scale particles that couple to the inflaton field as shown by the solid line in Figure  1 and we now describe in detail. [1] . The dashed line shows the best standard ΛCDM fit to the Planck CMB power spectrum based upon a powerlaw primordial power spectrum. The solid line shows the best fit for a model with resonant particle creation during inflation.
This interpretation has the intriguing aspect that, if correct, an opportunity emerges to use the CMB as a probe of physics at the Planck scale (m pl ∼ 10 19 GeV).
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Indeed, massive particles generically exist in Planck scale compactification schemes of string theory from the Kaluza-Klein states, winding modes, and the massive (excited) string modes. Hence, the existence of Planckscale mass particles which couple to the inflaton is a reasonable scenario. What is, perhaps, not as likely in the paradigm considered here is that the mass of some Planck-scale particles lies in the range of the vacuum energy associated with the last 9-10 e-folds of inflaton accessible to observation. Nevertheless, in view of the importance of such a discovery, it is worthwhile to examine this possibility based upon the currently available CMB power spectra.
II. INFLATION RESONANT PARTICLE PRODUCTION
The details of the resonant particle creation paradigm have been explained in Refs. [6, 7] . Here we summarize essential features. In the basic inflationary picture, a rapid early expansion of the universe is achieved through the vacuum energy from an inflaton field. In the minimal extension from the basic picture considered here, the inflaton is postulated to couple to massive particles whose mass is of order the inflaton field value. These particles are then resonantly produced as the field obtains a critical value during inflation. If even a small fraction of the inflaton field is affected in this way, it can produce an observable feature in the primordial power spectrum. In particular, there can be either and excess in the power spectrum as noted in [6, 7] , or dip in the in the power spectrum as described in this paper. Such a dip, if observed, offers important clues, i.e. it will occur at an angular scale corresponding to when the epoch of resonant particle creation crossed the Hubble radius during inflation.
In the simplest slow roll approximation [3, 4] for the generation of density perturbations during inflation, the amplitude, δ H (k), of a density fluctuation when it crosses the Hubble radius is just,
where H is the expansion rate, andφ is the rate of change of the inflaton field when the comoving wave number k crosses the Hubble radius during inflation. If resonant particle production affects the inflaton field, then the conjugate momentum in the fieldφ is altered. This causes either an increase or a diminution in δ H (k) (the primordial power spectrum) for those wave numbers which exit the horizon during the resonant particle production epoch. Of course whenφ is changing due to particle production, the accelerationφ may not be negligible. This would result in a correction to Eq. (1). However, in [6] , this correction was analyzed and found to be << 20%. Hence, for our purposes we can ignore this correction.
For the application here, we adopt a positive Yukawa coupling of strength λ between the inflaton field φ and the field ψ of N fermion species. This differs from [6, 7] who adopted a negative Yukawa coupling. With our choice, the total lagrangian density including the inflaton scalar field φ, the dirac fermion field, and the Yukawa coupling term is then written,
For this Lagrangian, it is obvious that the fermions have an effective mass of
This vanishes for a critical value of the inflaton field, φ * = m/N λ. Resonant fermion production will then occur in a narrow range of inflaton field amplitude around φ = φ * . As in [6, 7] we label the epoch at which particles are created by an asterisk. So the cosmic scale factor is labeled a * at the time t * at which resonant particle production occurs. Considering a small interval around this epoch, one can treat H = H * as approximately constant (slow roll inflation). The number density n of particles can be taken as zero before t * and afterwards as n = n * [a * /a(t)]
3 . The fermion vacuum expectation value can then be written,
where Θ is a step function.
Then following the derivation in [6, 7] , we have the following modified equation of motion for the scalar field coupled to ψ:
where V (φ) = dV /dφ. In the slow roll approximation, (φ ∼ 0, H ∼ H * , V (φ) ∼ V (φ * ) this differential equation after particle creation (t > t * ) is then the same as in [6, 7] but with a sign change for the coupling term, i.e.
The physical interpretation here is that the rate of change of the scalar field rapidly increases due to the coupling to particles created at the resonance φ = φ * . Then, using Eq. (1) for the fluctuation as it exits the horizon, and constant H ≈ H * in the slow-roll condition along with
one obtains the perturbation in the primordial power spectrum as it exits the horizon:
.
(8) Here, it is clear that the power in the fluctuation of the inflaton field will diminish as the particles are resonantly created when the universe grows to some critical scale factor a * .
What remains is to relate the scale factor a to the physical wave number k by [3] 
where a 0 H 0 ≈ (h/3000) Mpc −1 denotes the present comoving Hubble scale [with h = H 0 /(100 km s −1 Mpc −1 ) the usual dimensionless hubble parameter]. The quantity V k in Eq. (9) indicates the inflaton effective potential value when a particular wave number k crosses the Hubble radius during inflation (k = aH). The quantities a end and V end are the scale factor and effective inflaton potential at the end of inflation, and ρ reh is the matter energy density after reheating to the standard hot big bang Friedmann cosmology. This expression assumes that instantaneous transitions occur between the various regimes, and that the universe behaves as if matterdominated during reheating.
Using this relation between scale factor and k, the perturbation spectrum Eq. (8) can be reduced [7] to a simple two-parameter function.
where the amplitude A and characteristic wave number k * (k/k * ≥ 1) can be fit to the observed power spectra from the relation:
where r lss is the comoving distance to the last scattering surface, taken here to be 14 Gpc. The connection between resonant particle creation and the CMB temperature fluctuations is straightforward. As usual, temperature fluctuations are expanded in spherical harmonics, δT /T = l m a lm Y lm (θ, φ) (2 ≤ l < ∞ and −l ≤ m ≤ l). The anisotropies are then described by the angular power spectrum, C l = |a lm | 2 , as a function of multipole number l. One then merely requires the conversion from perturbation spectrum δ H (k) to angular power spectrum C l . This is easily accomplished using the CAMB code [8] . When converting to the angular power spectrum, the amplitude of the narrow particle creation feature in δ H (k) is spread over many values of . Hence, the particle creation feature looks like a broad dip in the power spectrum.
We have made a multi-dimensional Markov Chain Monte-Carlo analysis [9, 10] of the CMB using the Planck data [1] and the CosmoMC code [10] . For simplicity and speed in the present study we only marginalized over parameters which do not alter the matter or CMB transfer functions. Hence, we only varied A and k * , along with the six parameters, Ω b h 2 , Ω c h 2 , θ, τ, n s , A s . Here, Ω b is the baryon content, Ω c is the cold dark matter content, θ is the acoustic peak angular scale, τ is the optical depth, n s is the power-law spectral index, and A s is the normalization. As usual, both n s and A s are normalized at k = 0.05 Mpc −1 . Figure 2 shows contours of likelihood for the resonant particle creation parameters, A and k * . Adding this perturbation to the primordial power spectrum improves the total χ 2 for the fit from 9803 to 9798. One expects that the effect of interest here would only make a small change (∆χ 2 = 5) in the overall fit because it only affects a limited range of l values. Nevertheless, from the likelihood contours we can deduce mean value of A = 1.7 ± 1.5 with a maximum likelihood value of A = 1.5, and a mean value of k * = 0.0011 ± 0.0004 h Mpc
−1
The values of A and k * determined from from the CMB power spectrum relate to the inflaton coupling λ and fermion mass m, for a given inflation model via Eqs. (8) and (10) .
The coefficient A can be related directly to the coupling constant λ using the approximation [6, [11] [12] [13] for the particle production Bogoliubov coefficient
Then,
This give us
where we have used the usual approximation for the primordial slow roll inflationary spectrum [3, 4] . This means that regardless of the exact nature of the inflationary scenario, for any fixed inflationary spectrum δ H (k)| λ=0 without the back reaction, we have the particle production giving us a dip of the form Eq. (10) with the parameter A expressed in terms of the coupling constant through Eq. (16) . Given that the CMB normalization requires δ H (k)| λ=0 ∼ 10 −5 , we then have
Hence, for the maximum likelihood value of A ∼ 1.5, we require a rather strong coupling N λ ∼ 1. So, we impose N > ∼ 10 to be consistent with the requirement that this be a perturbative coupling.
The fermion particle mass m can then be deduced from m = N λφ * . For this purpose, however, one must adopt a specific form for the inflaton potential. Here we adopt a general monomial potential whereby:
For this potential, then there is an analytic relation [3] (cf. Eq. (9)) between the number of e-folds N (k * ) corresponding to a given k * , and the value of φ * .
For k * = 0.0011 ± 0.0004 h Mpc −1 , and k H = a 0 H 0 = (h/3000) Mpc −1 ∼ 0.0002, we have N − N * = ln(k H /k * ) < 1. So, for a monomial potential, N (k * ) ∼ N ∼ 50 [3] , then for α = 2 we have φ * = 14 m pl , while for α = 4 we have φ * = 20 m pl . Hence, for N λ ≈ 1, we obtain m ∼ 15 m pl , well in excess of the Planck mass.
We note, however, that this is not unnatural [6] . Such particles occur generally in numerous extensions of the Standard Model. Examples such as supergravity and superstring theories, adopt the Planck mass as a fundamental scale. However, such extra-dimensional theories generally contain a spectrum of particles with masses well in excess of the Planck mass. The extra-dimensions are compact and smaller than the three large spatial dimensions. It is, therefore, possible to dimensionally reduce the system to obtain an effective (3+1) dimensional theory that produces a tower of Kaluza-Klein (KK) states [14, 15] . The mass of states in this tower is of order of the inverse size of the extra dimension. Since the extra dimensions are expected to have a size characteristic of the Planck length, these KK states therefore have masses in excess of the Planck masses. Furthermore, these KK states can be nearly degenerate, with the level of degeneracy depending upon the geometrical structure of the compact space. It is, therefore, natural to deduce that a large number of nearly degenerate fermions existed during inflation with a mass well in excess of m pl , and that these particles couple to the inflaton field that drives inflation. For our purposes this degeneracy factor is described by the parameter N , and in such theories N can easily of the order of 100. Hence, such a detectable signature in the CMB power is not unexpected.
III. MATTER POWER SPECTRUM
It is straight forward to determine the matter power spectrum. To convert the amplitude of the perturbation as each wave number k enters the horizon, δ H (k), to the present-day power spectrum, P (k), which describes the amplitude of the fluctuation at a fixed time, one must make use of a transfer function, T (k) [16] which is easily computed using the CAMB code [8] for various sets of cosmological parameters (e.g. Ω, H 0 , Λ, Ω B ). An adequate approximate expression for the structure power spectrum is
This expression is only valid in the linear regime, which in comoving wave number is up to approximately k < ∼ 0.2 h Mpc −1 and therefore adequate for our purposes. However, we also correct for the nonlinear evolution of the power spectrum [17] . Figure 3 shows the matter power spectrum from the Wiggle-Z Dark Energy Survey [18] compared to the computed maximum likelihood power spectrum with and without the perturbation due to the resonant particle creation. Unfortunately, the perturbation is on a scale too large to be probed by the observed matter power spectrum.
IV. CONCLUSION
We have analyzed the CMB power spectrum in the context of a model for the creation N nearly degenerate Plankian-mass fermions during inflation. We find [18] with the spectrum implied from the fits to the matter power spectrum with (solid line) and without (dashed line) resonant particle creation during inflation as described in the text.
marginal evidence for excess power in the Planck CMB power spectrum consistent with this hypothesis. The CMB power spectrum would imply an optimum feature at k * = 0.0011 ± 0.0004 h Mpc −1 and A ≈ 1.7 ± 1.5. This feature would correspond to the resonant creation of nearly degenerate particles with m ∼ 15 m pl and a Yukawa coupling constant between the fermion species and the inflaton field of λ ≈ 1.0/N for N fermion species.
Obviously there is a need for more precise determinations of the CMB power spectrum for multipoles in the range of = 10 − 30, although this may ultimately be limited by the cosmic variance. Moreover, this is a somewhat simplistic analysis.
Nevertheless, in spite of these caveats, we conclude that if the present analysis is correct, this may be one of the first hints at observational evidence of new particle physics at the Planck scale. Indeed, one expects a plethora of particles at the Planck scale, particularly in the context of string theory. Perhaps, the presently observed CMB power spectrum contains the first suggestion that a subset of such particles may have coupled to the inflaton field leaving a relic signature of their existence in the CMB primordial power spectrum.
